Solid-state cavity quantum electrodynamics (QED) serves as a critical resource for quantum information processing[@b1], guided by rapid demonstrations of sub-poissonian single photon sources[@b2][@b3], strong coupling in carefully engineered high quality factor (*Q*) cavities[@b4][@b5][@b6][@b7][@b8][@b9], precise positioning of single quantum dots with nanometer-scale accuracy[@b10], entanglement generation[@b11][@b12], spontaneous emission lifetime and coherent control[@b13][@b14][@b15][@b16][@b17][@b18][@b19]. The canonical strong coupling system involves a pre-designed optical cavity with finely tuned high *Q* and small mode volume[@b20], providing an engineered platform to achieve strong coherent interactions between an individual exciton and a single photon. Alternatively, one-dimensional photonic crystal waveguides enable an increased local density of states at the slow-light band edge for enhanced light-matter interactions while affording ease of photon extraction, with recent Purcell-enhanced spontaneous emission demonstrations[@b21][@b22][@b23][@b24] and photon transport dynamics predictions[@b25]. With coherent interference and scattering at the slow-light band edge through inherent nanometer-scale fabrication fluctuations, localization[@b26][@b27] and high-*Q* localized modes near the band edge were recently examined[@b28][@b29][@b30][@b31][@b32]. This enabled the remarkable observations of controlled spontaneous emission in single quantum dots through engineered disordered localized waveguide modes[@b21], though only in the weak coupling regime.

Here we demonstrate for the first time the strong exciton-photon coupling of single InAs excitons in inherently disordered waveguide localized states. Polaritons with large vacuum Rabi splittings up to 311 μeV are observed at the slow-light band edge. Ab initio tight-binding computations of the one-dimensional disordered waveguide verify both the existence of tightly-bounded narrow-linewidth localized modes near the band edge and coherent strongly coupled Rabi splitting of canonical two-level systems with optical resonances in the presence of a continuum of optical states. Quantum dissipative modeling retrieves the parameters for vacuum Rabi splitting, pure exciton dephasing, and incoherent cavity/exciton pumping rates. The disorder-induced strongly coupled system serves as a platform for coherent light-matter interactions and chip-scale quantum information processing.

Results
=======

[Figure 1(a)](#f1){ref-type="fig"} shows an example photonic crystal waveguide defined on a 120 nm thick GaAs membrane, with lattice period *a* of 256 nm, hole radius *r* of 0.244*a*, and waveguide width *w* of 0.98√3*a.* InAs quantum dots in the membrane mid-plane are grown by molecular beam epitaxy with radiative spontaneous emission centered between 900 nm to 1000 nm (see Methods on the single quantum dot growth and device nanofabrication). To confirm the existence of single quantum dot exciton lines, micro-photoluminescence and Hanbury-Brown and Twiss measurements are performed (see Methods). Narrow single quantum dot exciton lines with linewidths \~90 to 120 μeV are observed with low (\~1 μW) pump powers before the objective lens. [Figure 1(b)](#f1){ref-type="fig"} illustrates an example antibunching measurement under 80 MHz Ti^3+^:Sapphire laser excitation at 9 K with coincidence suppression to *g*^(2)^(0) of 0.28, revealing the sub-Poissonian photon statistics and single photon signature of the single quantum dots in the disordered membrane.

The inset of [Figure 1(a)](#f1){ref-type="fig"} shows a close-up of the nanofabricated photonic crystal. The sample has inherent fabrication imperfections such as surface and sidewall roughness, non-uniform hole sizes and shape, and chamfered hole edges. Statistical analysis (see [Supplementary Information](#s1){ref-type="supplementary-material"}) under high resolution scanning electron microscopy shows a 3.26% air hole radius fluctuation, and a root mean square (RMS) deviation of the edge roughness from a perfect circle at \~3.5 nm. The RMS of the hole center deviations from a perfect lattice along two principal *x*- and *y*-directions are 7.7 nm and 2.7 nm respectively when sampled across 56 holes. A roughness correlation length of 16.8 nm was observed in this sample.

[Figure 2(a)](#f2){ref-type="fig"} shows the ab initio calculated band structure of the photonic crystal computed from 3D plane-wave expansion[@b33] for an ideal lattice. Our measurements are centered at the slow-light band edge of the higher-order guided mode (second mode, solid red) in the photonic band gap (fundamental guided mode in dashed blue), with a slow-light group index *n~g~* of approximately 25 to 60 at the van Hove singularity mode onset edge (highlighted by grey dashed rectangular region). The corresponding electromagnetic field distribution of this higher-order slow-light mode is shown in the inset. To examine the disorder and its corresponding localization, starting from the well-known Dicke-Hamiltonian[@b34], we derive a tight-binding Hamiltonian that describes photon propagation in an effectively one-dimensional disordered waveguide including coupling to a quantum impurity as[@b25]: . [Figure 2(b)](#f2){ref-type="fig"} first shows the computed spectral function of the localized modes (initially without the quantum impurity; coupling element *V* = 0) for the disorder strength *W* at 0.8, where *W* is defined as the site energy {*ε~x~*} uniformly random distributed over \[−*W*/2, *W*/2\] and lattice constant *a* = 1 is used in the model (see [Supplemental Information](#s1){ref-type="supplementary-material"}). In addition to the ideal dispersion curve (white solid line, without disorder), sharp spectral features are observed especially near the slow-light mode edge, arising from multiple scattering of photons from the lattice structural disorder.

To examine the slow-light disorder localization further, in [Figure 3(a)](#f3){ref-type="fig"} we illustrate the magnified energy- and momentum-resolved spectral functions for the selected *W* at 3.0 scenario when *k*/2*π* = 0.5 and 0.46. It shows that our low energy mode primarily couples to states corresponding to the slow-light band edge of the ideal structure. The observed states are localized in real space with exponentially-decaying wavefunctions, well-separated in energy, and with the scattering cross-section scaling quadratically with the local density of states in the middle of the spectrum for small disorder. In [Figure 3(b)](#f3){ref-type="fig"}, we next illustrate the obtained probability distributions of the localization lengths ξ with three example disorder strengths *W* at 0.2, 0.8 and 3.0 respectively, where the localization lengths decreased with increasing disorder strengths (see [Supplemental Information](#s1){ref-type="supplementary-material"}). We emphasize that short localization lengths of a few lattice periods are observable in our computations, where the *W* at 3.0 scenario matches well with the experimentally estimated localization lengths (from the strong coupling measurements) and with the large disorder found in our samples. The spectral functions and coherently coupled polariton states with an included quantum impurity are detailed in the [Supplementary Information](#s1){ref-type="supplementary-material"}, where the spectral functions have been obtained via exact diagonalization. We also note that a single band model is examined here with constant hopping elements, though the extension to several bands and momentum-dependent coupling is possible, and specific lattice models can be further obtained via Wannier function approaches[@b35]. Encouraged by the theoretical computations, photoluminescence spectra are collected at 40 K from the vertically emitted radiation for two orthogonal polarizations as shown in [Figure 3(c)](#f3){ref-type="fig"}, with above band gap (632.8 nm) continuous-wave pump at 20 μW. Several localized cavity modes (indicated by black arrows) are observed near the slow-light band edge due to coherent random multiple scattering from disorder and are highly *y*-polarized with near absence in *x*-polarized spectrum. The quantum dot exciton lines (indicated by red arrows) and background emissions are present for both polarizations. In this scenario we note the ratios of the waveguide bandwidth to the full-width half-maximum of the localized mode resonances range from 400 to 650 at the slow-light band edge and compares well with our computed models (for *W* at 3.0) at approximately 400.

To further study the interaction between quantum dot excitons and waveguide localized modes, [Figure 4(a)](#f4){ref-type="fig"} shows the temperature-dependent photoluminescence spectra at high excitation powers \~100 μW. The exciton lines strongly redshift with increasing temperature due to the modified band-gap energy. The frequency shift of localized cavity mode is smaller and the cavity resonance is around 915.25 nm. With the relatively high excitation power, the spectra (the top panel is an example spectrum at 20 K) consist of single exciton and biexciton states, localized modes and background quantum dot emissions. [Figure 4(b)](#f4){ref-type="fig"} extracts the resonance frequencies of the single exciton (X~a~) and the localized mode (LM) as a function of temperature. [Figure 4(c)](#f4){ref-type="fig"} shows peak intensities of all the lines versus excitation power at 20 K, in which the localized mode intensity increases linearly with pump power, while the exciton lines have state-filling saturation behavior at high excitation powers.

We next examine at low excitation powers for low photon and exciton occupation numbers to enter into the strong coupling regime when the exciton transition is near or on-resonance with the disorder localized cavity mode. [Figure 5(a)](#f5){ref-type="fig"} shows the two polariton peaks (red and black open circles) with the avoided crossing at \~7 μW excitation with the tuned cold-finger temperature finely examined from 24 K to 32 K. [Figure 5(b)](#f5){ref-type="fig"} illustrates the experimental spectra of the coherently coupled system in the open circles for temperatures around 27 K. The exciton - localized mode offsets 40 pm at 26 K, and the exciton transition (X~a~) is redshifted by 230 pm and tuned to the longer wavelength side of the disorder-induced localized mode resonance at 29.5 K. Both single exciton and localized cavity mode observed here have linewidths \~90 μeV, corresponding to \~21 GHz decay rates and quality factor *Q* \~ 15,000 respectively. At 27 K, a large vacuum Rabi splitting of 311 μeV is observed when the exciton is on resonance with the localized mode at 915.255 nm. Blue dash lines represent the uncoupled localized mode and exciton transition as guidelines.

To examine the avoided crossing further in the presence of above band-gap incoherent pumping and exciton dephasing, we solve the master equation with the Hamiltonian where , and are the pseudospin operators for the two-level quantum impurity with radiative transition frequency , and are the photon creation and annihilation operators with localized cavity mode frequency , and *g* is the Rabi coupling frequency given by where *μ* is the exciton dipole moment and is the effective localized mode volume. The incoherent loss and pump terms[@b36] are included in the master equation of Lindblad form: , with Here is the localized mode decay rate, is the exciton decay rate, is the incoherent pumping rate of the exciton, is the incoherent pumping rate of the localized mode[@b37], and is the pure dephasing rate of the exciton. Effective decay rates are defined as , , and strong coherent coupling is observable if is achieved. We assume the collected light is mostly from the localized mode at steady-state with spectral function given by where our system spectral resolution \~ 30 μeV. From the theoretical model, we globally fit the entire set of temperature dependent spectra and illustrate the calculated peaks of the polariton states ( and ) in [Figure 5(a)](#f5){ref-type="fig"} (red and black solid lines) and [Figure 5(b)](#f5){ref-type="fig"} (solid curves). The best experimental match is obtained for coupling strength *g* at 39 GHz, pure dephasing rate \~ 10 to 20 GHz, incoherent localized mode pumping rates \~ 5 to 15 GHz and incoherent exciton pumping rates \~ 15 GHz. of \~ sub-GHz is used for the InAs exciton with nanosecond radiative recombination lifetimes.

Discussion
==========

Due to the μW level above-band continuous-wave excitation and inevitable quantum dot interactions with the solid state environment, effects from a background continuum with multiple exciton lines, acoustic phonon scattering and spectral diffusion exist in the photoluminescence spectra. The fitted dephasing rate and incoherent pumping rates show their dependences on the temperature and localized cavity mode - exciton detuning, which is evidence for decoherence and incoherent pumping mediated by electron-phonon coupling[@b38][@b39]. An extra peak in the middle is observed in the photoluminescence, attributed to the unwanted and uncoupled excitonic transitions under the excitation powers of our above-band pump laser and in-plane cavity decay interference[@b40]. With the current quantum dot densities (\~10^2^ per μm^2^) in our GaAs membrane and the inherent random nature of our localized modes, we do not apply quantum dot spatial positioning for our sample so that there might be unwanted excitonic transitions in addition to the coherent spectra of the strongly coupled system. Laser induced quantum dot blinking[@b41] leads to the case that the exciton is occasionally not coupled with the localized mode and might also introduce a third extra peak in the photoluminescence. An extra Lorentzian peak in addition to the normal double polariton peaks is included to consider the above possibilities, and the fitted resonances and widths suggest that both the exciton and cavity could contribute to the extra peak, which reflects the complexity of the solid-state environment.

The coupling strength *g* observed here is larger than previous values obtained from rigorously designed photonic crystal cavities with single quantum dots and in fact similar to the strongest coherent interaction reported so far[@b42], indicating that the spatial overlap between quantum dot and the localized cavity mode is remarkable through the intrinsic self-selection process. Among the plethora of disorder-induced localized modes near the slow-light edge, the quantum dot exciton preferably couples to the specific localized mode with the best spectral and spatial overlap. Assuming a reasonable spatial match between the exciton and the localized cavity mode, from the exciton-photon coupling strength we extract an upper bound to the localized polariton modal volume at \~0.8. By estimating the spatial extent of the localized polariton in *x* and *z* directions, we estimate a localization length of \~1 μm (which also corresponds with a few lattice periods in the statistical distributions modeled in [Figure 3(b)](#f3){ref-type="fig"} for the *W* at 3.0). Compared to recent studies of waveguide localized modes with engineered disorder[@b43] and theoretical suggestions of strong coupling possibilities[@b44], the localized modes observed and modeled here have short localization lengths (\~1 μm) and long loss lengths (\~1.2 mm), which enable the large *Q* factor and strongly coupled polariton states observed in our experiments for the first time. Our Rabi-splitting measurements demonstrate that fabrication imperfections in the slow-light modes are sufficient to realize high *Q* localized modes, achieve the polariton states, and serve as a platform for strong light-matter interactions.

We have demonstrated for the first time strong coherent polaritons through single InAs quantum dots excitons and one-dimensional disorder-induced localized modes in slow-light photonic crystals. Localized modes with short localization lengths and long loss lengths possess \~15,000 *Q* factors and wavelength-scale confinement, while providing large spatial overlap with the embedded single excitons. The disorder-induced localized modes enable dramatically-large exciton-photon coupling strengths, and therefore strong coherent interactions, in semiconductor cavity QED via the always-present inherent fabrication imperfections. The observed vacuum Rabi splitting is up to 311 μeV, one of the largest observed in the solid-state. The strong coupling spectra are highly dependent on the experimental parameters and do not always appear as a symmetric mode splitting spectra. By comparing with theoretical models, tight-binding ab initio computations support the feasibility of strong coupling in disorder localized modes with narrow linewidths and short localization lengths (\~a few lattice periods). From the quantum equation model, contributions from pure dephasing, incoherent pumping, quantum dot blinking and undesired exciton transitions from finite temperatures are elucidated. The demonstrated slow-light exciton polaritons in an inherently disorder solid-state system provide a platform for bringing chip-scale quantum information processing and waveguide extraction-efficient secure communication modules closer to realization.

Methods
=======

InAs quantum dots are embedded in the mid-plane of the 120 nm GaAs membrane with 620 nm AlGaAs sacrificial layer on a (001)-oriented GaAs wafer. The quantum dots are grown with density \~10^2^ per μm^2^ dot by a solid-source molecular beam epitaxy via Stranski-Krastanov mode, and randomly distributed across the sample with ensemble photoluminescence centered between 900 nm to 1000 nm. The GaAs photonic crystal structures are patterned with a 100 kV electron-beam writer (NanoBeam *n*B3), inductively coupled reactive ion-etched, followed by a 40 seconds HF AlGaAs sacrificial layer wet-etch to release the suspended GaAs membranes.

Micro-photoluminescence and Hanbury-Brown and Twiss measurements are performed in a liquid helium flow cryostat. An above band-gap pump by Ti^3+:^sapphire 800 nm femtosecond laser or HeNe continuous-wave (CW) laser is focused to \~1 μm spot size using a 100× microscope objective (0.75 numerical aperture). The emitted photons are collected by the same objective, dispersed through a 1-m Horiba spectrometer, detected with a cooled charge-coupled device camera for photoluminescence spectra or two single photon counting avalanche photodiodes (APDs) for correlation measurements.
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![Disordered one-dimensional photonic crystal membrane with single photon emission and antibunching.\
(a) Scanning electron micrograph (SEM) of a nanofabricated disorder-inherent photonic crystal. Scale bars: 500 nm. (b) Hanbury-Brown and Twiss antibunching of embedded single InAs quantum dot and single photon measurements under pulsed Ti^3+^:Sa 800 nm laser excitation, with *g*^(2)^(0) at 0.28 in this example of waveguide sub-Poissonian single photon source.](srep01994-f1){#f1}

![Band structure and spectral functions of the one-dimensional disorder localized modes.\
(a) Band structure for an ideal PhC waveguide with the designed parameters. Red and blue lines indicate the higher-order and fundamental waveguide modes. The grey dashed rectangular box indicates the slow-light band edge region (with group index *n~g~* 25 \~ 60) of higher-order waveguide mode, and the inset shows the electric field energy \|*E*\|^2^ distribution at K~y~ = *π*/a. (b) Spectral function of the disordered 1D waveguide described by the tight-binding chain model (band structure of an ideal structure is plotted in white solid line) with disorder strength *W* = 0.8. The white dashed rectangular box represents the slow-light band edge region.](srep01994-f2){#f2}

![Cryogenic photoluminescence of the slow-light disorder localized modes and tight-binding computed resonant mode spectral functions.\
(a) Resonance modes in spectral functions of the disordered one-dimensional tight-binding waveguide at *k*/2*π* = 0.5 and *k*/2*π* = 0.46 when disorder strength *W* = 3.0. (b) The probability distributions of the localization lengths for three disordered one-dimensional waveguides with *W* of 0.2 (black), 0.8 (red) and 3.0 (blue). (c) *y-*polarized and *x*-polarized photoluminescence spectra of localized modes from the fabricated disordered photonic crystal near slow-light region (peaks indicated by black arrows), quantum dot exciton lines (peaks indicated by red arrows) and background quantum dot emissions around the slow-light region when T = 40 K with high excitation power \~20 μW.](srep01994-f3){#f3}

![Differential temperature dependence verifications of the observed quantum dot exciton lines (X~a~, X~c~ and XX~b~ lines) and localized cavity mode (LM).\
(a) Spectra at high excitation powers \~100 μW. Top panel is an example 20 K spectrum. (b) Exciton (X~a~, black) and localized mode (LM, red) resonance peaks as a function of temperature showing crossing behavior in the weak coupling regime. (c) the excitons and localized mode photoluminescence pump power dependence, where intensity saturation is observed for the exciton lines while a linear dependence is continually observed for the disorder-localized cavity mode.](srep01994-f4){#f4}

![Observed coherent Rabi splitting of the disorder localized mode with single exciton state X~a~ for different resonance-exciton detunings.\
(a) The two quasiparticle polariton peaks (red and black dots) from experimental spectra versus the theoretical predictions (red and black curves) as a function of measurement temperature from 24 K to 32 K. Blue dashed lines represent uncoupled cavity and exciton transitions as guidelines. (b) Experimental spectra close to 27 K are illustrated in the open circles and the computed spectra in solid lines of the strongly coupled polaritons.](srep01994-f5){#f5}
